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SIMULATION MODEL FOR ASSESSING
TRANSIENT PERFORMANCE OF
CAPACITIVE VOLTAGE TRANSFORMERS
I. Sule, U. O. Aliyu, Member, IEEE and G. K. Venayagamoorthy, Senior Member, IEEE

Abstract--In determining the correct operation of relays of a
protection scheme, proper representation of instrument
transformers and their behavior in conditions where there can be
transient is very critical. This paper presents a simulation model
for assessing the transient performance of Capacitive Voltage
Transformers (CVTs). In order to test the validity of the
developed model, four CVT operational conditions are
considered using field data collected from one of the Nigerian
electric utility 330/132/33kV substations. The model simulation
results revealed various configuration performance responses
that could affect relay protection schemes to different degrees. As
expected, the CVT responses showed that faults initiated at zero
voltage crossing, which is the worst transient condition, produced
transient voltage magnitude up to 40% of the nominal voltage
while faults initiated at the crest produced minimum transient
voltage magnitude. It is shown that the model developed for the
selected instrument transformer yielded satisfactory results.
Index
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I. INTRODUCTION

AILURE of a protective system to perform its function
correctly is often due to incorrect selection of associated
instrument transformers to match with the relays to fulfill
the essential requirements of the protection system. One of the
important requirements to achieve reliable, efficient and stable
power supply, which is the desire of consumers of electricity,
is the provision of an adequate protection scheme for the
power systems. Electrical power systems are subjected to
many types of disturbances like system faults or routine
operations such as line de-energization, opening of
disconnects, and switching of inductive or capacitive loads all
of which results in electrical transients.
The performance of protective relays depends to a large
extent on the signals produced by the instrument transformers,
and these signals depend on the overall transient response of
the instrument transformers. The essential requirement of
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instrument transformers is to deliver on its secondary a
quantity that truly represents the applied quantity on its
primary. The Capacitive Voltage Transformer (CVT)
considered for this study is a Voltage Transformer (VT) with a
capacitive divider added to its “front end”, which virtually
converts it to CVT. At 132kV and higher voltages CVTs are
more economical especially when the high voltage capacitors
can serve also as carrier current coupling.
Transient performance of CVT is influenced by, notably,
energy stored in the capacitive and inductive elements of the
device. Generally, transient errors produced by instrument
transformer can cause a major impact on the dependability and
security of protective relays and cause misoperations, delayed
operations, or failure to operate.
According to [1], [2], instrument transformers transient
performance is not covered by any standard like the
Requirements for Instrument Transformers, IEEE Standard
C57.13, etc. In addition, it was discovered that developed
instrument transformer models delivered much worse
performance characteristics than those published by the
vendors [3]. Hence the need to develop models that reveal
more detailed characteristics including transients than the ones
available [3]. This will guide users and manufacturers towards
quantitatively establishing and evaluating their transient
performance characteristics so that associated relays could be
selected or designed to tolerate some level of distortion.
The use of computer software to adequately develop
simulation models for instrument transformers, therefore,
becomes essential. In this paper, a simulation model is
developed in MATLAB [4] in such a way as to unveil the
CVT transient voltages which will assist in assessing and
evaluating the operational performance of CVTs. Up to the
time this study was completed, there was no record of any
similar work carried out for the CVTs used in the Gombe
NEPA transmission substation.
The rest of the paper is organized as follows. Section II
describes the mathematical model of a CVT. Section III
describes the simulation program. Results and discussions are
presented in Section IV. Section V presents model validation
and assessment. Finally, the conclusions are given in Section
VI.
II. CAPACITIVE VOLTAGE TRANSFORMER MODEL
According to [3], CVT can be represented by the simplified
equivalent circuit shown in Fig. 1, with its parameters referred
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B2 = LC(Rf + Rb) + RCLf + LfCf(Rf + Rb) + LfRbC
B1 = RC(Rf + Rb) + Lf + RfRbC
B0 = Rf + Rb

to the primary side (which is adopted for this study).
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According to [7], the state space representation of (6), in
canonical form, is as given in (7).
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Fig. 1: CVT equivalent circuit model.

Where: e's(t) = nes; R'b = n2Rb
C'f = Cf /n2
R'f = n2Rf
L'f = n2L

(1)

Where, R, L, C, R'f, L'f, C'f, R'b and e's(t) are the equivalent
resistance and inductance of the compensating reactor, stack
capacitance, ferroresonance resistance, inductance and
capacitance referred to the primary, resistive burden referred
to the primary, secondary voltage referred to the primary
respectively. R, L and C form a series resonance circuit while
Rf, Lf , and Cf form a series-parallel resonance circuit [5,6],
where
2
(2)
R = Z 2 − (X L − X c )

R f = Z f2 − (1 X Lf − 1 X cf )
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X L = 2πfL
X c = 1 2πfC
X Lf = 2πfL f
X cf = 1 2πfC f
where,

(3)

X = XL − XC

Xf =

1
1
−
X Lf X Cf

(4)

X , X L , X c , X Lf , X cf , X f are the total series,

series inductive, series capacitive, ferroresonance inductive,
ferroresonance capacitive and total ferroresonance reactances,
respectively.
The inductance, L, is a constant value dependent only on
the capacitance used to set up the divider [3]. At resonance,
therefore,

L=

1
ω 2C

(5)

The transfer function for the CVT model of Fig. 1 is:

es (s)
A3 s 3 + A2 s 2 + A1 s
=
e p ( s ) B4 s 4 + B3 s 3 + B2 s 2 + B1 s + B0
where: A3 = Lf CfRfRbC;
A2 = LfRbC
A1 = RfRbC;
B4 = LfCf(Rf + Rb)LC
B3 = LCLf + RCLfCf(Rf + Rb) + LfCfRfRbC

(6)
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where,
⎡ x1 ⎤
⎢x ⎥
2
es = [1 0 0 0]⎢ ⎥ + β 0e p ;
⎢ x3 ⎥
⎢ ⎥
⎣ x4 ⎦

e p (t ) = Eˆ p sin (ωt + θ )

Where
b0 = 0;
a1 = B3/B4;
b1 = A3/B4;
a2 = B2/B4;
b2 = A2/B4;
a3 = B1/B4;
b3 = A1/B4;
a4 = B0/B4;
b4 = 0;
β0 = b0;
β1 = b1 – a1β0;
β2 = b2 – a1β1 – a2β0;
β3 = b3 – a1β2 – a2β1 – a3β0;
β4 = b4 – a1β3 – a2β2 – a3β1 – a4β0
Ê = Maximum value of voltage.
III. SIMULATION PROGRAM
CVT type 362/4 manufactured by Passoni and Villa, used
for 330kV transmission lines distance protection was selected
for this study [14]. Computer simulation program was
developed in MATLAB for the selected CVT from a
330/132/33kV bulk substation. Considering the CVT
equivalent circuit of Fig. 1, data was obtained from the
manual/commissioning test report, by inspection, and by
computation using (1 to 5). The developed simulation
program solves (7) using the fifth order Runge-Kutta
numerical method [8] to plot the CVT transient voltage
responses.
It is assumed for this study that the fault is close to the
primary terminals of the CVT producing zero voltage at the
primary terminals during faults. As this causes the biggest
possible change in the primary voltage of the CVT, it
produces the greatest possible subsidence transient [9].
The CVT response to a temporary, close in, line to ground
fault is simulated by making
for t ≤ tf,
e(t ) = Eˆ sin (ωt + θ )
e(t ) = 0 for t > tf

(8)

Where θ is that which determines the point of fault inception
[10,11,12] and tf is the time at which the fault occurred or was
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IV. RESULTS AND DISCUSSIONS
Each of the components of the CVT model shown in Fig. 1
contributes to the CVT transient component [13]. However,
for this study, the effects of the stack capacitance C, purely
resistive burden Rb at the point of fault inception are
considered. The normal sum of the stack capacitance, from the
data collected for the CVT, is in the range of (4000 pF) and
the rated resistive burden is 200VA [14]. For each case, fault
is initiated at 0.05s and the point of fault inception on the
primary voltage is determined by θ in (8).

B. Effect of Burden Magnitude
At the crest initiation, CVT response improves with
increased resistive burden while at zero initiation; the
response worsens with increasing burden [15]. Thus, the two
conditions are at odds with each other. These conditions are
investigated below using the developed CVT model.
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A. Effect of Capacitance Magnitude
According to [3], [13], [15] if the total capacitance C is
high, the series reactance becomes smaller. It is found that the
transient magnitude becomes smaller with the increase in the
total capacitance. However, if the RC time constant is
increased due to an increase in C, a lower magnitude with a
longer time transient is exhibited.
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Fig. 3: Sample transients for normal-C and primary voltage drops to zero from
the voltage peak: (a) low-burden {20VA}; (b) rated-burden {200VA}.
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Considering the response of Fig. 3(a), the response of the
low-burden CVT has transient magnitude of 0.25 pu while
that of the rated-burden CVT, Fig. 3(b), is 0.135 pu. This
shows that the CVT response improved with increased
burden, at the crest.
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Fig. 2: Sample transients for low burden {20VA} and primary voltage drops
to zero at zero crossing: (a) low-C {2500nF}; (b) normal-C {4000nF}.
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The above findings are observed to be true from the
developed CVT model results depicted in Fig. 2. The transient
voltage from Fig. 2 (a) is 0.36 pu and RC time is 0.05 s from
the time of fault inception. From Fig. 2 (b) the transient
voltage is 0.3 pu and RC time is 0.07 s. It is seen that the
higher the magnitude of the total stack capacitance, the lower
is the transient magnitude and the longer is the RC time.
Going by the above observations, it implies that distance
overreach caused by the transient output of a higher
capacitance CVT will be much smaller than that caused by the
transient output of a lower capacitance CVT. However,
increasing the CVT capacitance value increases the CVT cost
[3]. Therefore, the protective engineer must strike a balance
between CVT performance and CVT cost. Judging only from
the magnitude of CVT transient, therefore, one should
recommend CVTs with higher sum of stack capacitances to be
used to feed distance relays.
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Fig. 4: Sample transients for normal-c and primary voltage drops to zero at
zero crossing: (a) rated-burden (b) high-burden (120 VA).

It is observed in Fig. 4(a) that for a fault at zero crossing,
the transient magnitude increased from 0.3 pu (about 30% of
the nominal voltage) for the rated-burden CVT to 0.4 pu
(about 40% of the nominal voltage) for the same CVT but
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with higher-burden, shown in Fig. 4(b). This shows that the
CVT performance become worse with the increased burden
just as reported in [15], using an analog CVT model.

the validity of the developed CVT simulation model.

C. Effect of Point of Fault Initiation on the Wave
According to [3], [15], the most severe transients are
generated when the faults occur at the zero crossing of the
primary voltage and the least severe transient occurs during
faults initiated at the maximum wave point (or the crest).

This paper has presented a CVT computer simulation model
addressing the most important issues related to computer
models essential for assessing the transient performance of
CVTs. The behaviors of CVT under transient conditions such
as during short circuit faults in the primary system have been
successfully simulated. The results pattern agrees with the
published results, which confirms the validity of the
developed model. As investigated using the model, various
CVT configurations affect relay performance to different
degrees such as, fault occurring at voltage zero crossing
generated the worse case CVT transient compared to fault
occurring at the crest. The quantitative data obtained from the
developed model will serve as a guide to both users and
manufacturers to predict how the relays and relay schemes
will react to the CVT transients and how much is tolerable
bearing in mind that relays are designed to tolerate some level
of distortion.
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